The cerebellar granule cell (GC) system provides a good model for studying neuronal development. In the external granule layer (EGL), granule cell precursors (GCPs) rapidly and continuously divide to produce numerous GCs as well as GCPs. In some brain regions, the orientation of cell division affects daughter cell fate, thus the direction of GCP division is related to whether it produces a GCP or a GC. Therefore, we tried to characterize the orientation of GCP division from embryonic to postnatal stages and to identify an environmental cue that regulates the orientation. By visualizing chromatin in EGL GCPs at M-phase, we found that the directions of cell divisions were not random but dynamically regulated during development. While horizontal and vertical divisions were equivalently observed in embryos, horizontal division was more frequently observed at early postnatal stages. Vertical division became dominant at late cerebellar developmental stages. Administration of a SHH inhibitor to cultured cerebellar slices resulted in randomized orientation of cell division, suggesting that SHH signaling regulates the direction of cell division. These results provide fundamental data towards understanding the development of GCs.
Introduction
During development, the balance and the timing of proliferation and differentiation must be strictly controlled in certain tissues. Dysfunction often results in diseases or disorders, including tissue dysplasia or tumors (Ernst, 2016; Gonda and Ramsay, 2015) . Numerous studies have been carried out to understand proliferation and/or differentiation of cells, but the underlying molecular machinery remains elusive.
Cerebellar granule cell precursors (GCPs) provide a fascinating model to study this issue, because (1) developmental processes and gene expression profiles are well characterized, (2) development of GCPs continues even after birth, (3) availability of easy gene transfer techniques to GCPs, and (4) established slice culture experiments for the developing cerebellum. GCPs originate from the embryonic rhombic lip, migrate anteriorly along the pial surface and begin to form the external granule cell layer (EGL) (Machold and Fishell, 2005; Wang et al., 2005; Hatten and Roussel, 2011) . In the outer EGL, GCPs rapidly proliferate to produce daughter cells (Fujita et al., 1966) . Some of the daughter cells exit the cell cycle and migrate into the inner EGL, where they become GCs. These post-mitotic GCs migrate through the molecular layer to reach the internal granule cell layer where they are integrated into the neural circuit (Komuro and Yacubova, 2003) . Although these processes are well described, it is still elusive how the proliferation and differentiation of GCPs and GCs are regulated.
The orientation of the cleavage plane of dividing cells can be one of the key elements to regulate daughter cell fate (Zhong and Chia, 2008) . In the ferret cerebral cortex, time-lapse imaging studies have revealed that vertical division (cleavage plane is parallel to the apico-basal axis) of a radial glial cell (RGs) tends to produce two daughter RGs, while horizontal division is prone to generate one neuron and one RG (Chenn and McConnell, 1995) . These findings indicate that, in the cerebellum, the proper regulation of cleavage planes may be required to control daughter cell fates, which eventually contributes to coordination of proper proliferation and differentiation of GCPs and GCs.
Here, we analyzed the orientation of cleavage planes of dividing GCPs in both sagittal and coronal section from E16.5 to P15. We found that the orientation was not random but precisely regulated. Additionally, the tendency of the orientation dynamically changed as development proceeded. Furthermore, administration of a SHH inhibitor to Mechanisms of Development 147 (2017) 
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Materials and methods

Animals
All animal experiments in this study have been approved by the Animal Care and Use Committee of the National Institute of Neuroscience, Japan. Embryos and neonatal ICR mouse were fixed with 4% PFA and embedded sagittally or coronally with O.C.T. compound (Sakura Finetek). Frozen brains were sectioned into 16 μm slices with cryostat (Leica Biosystems).
Immunohistochemistry
Detailed protocols were described previously (Seto et al., 2014) . In short, cerebellar sections were incubated at room temperature with 1% donkey serum containing 0.2% PBST (blocking solution) for one hour. After blocking solutions were removed, anti-phosphohistone H3 antibody (rabbit, Cell Signaling) in blocking solution was applied and each section was incubated at 4°C for 16 h. Then, secondary antibody (abcam) was applied and sections were incubated for 2 h at room temperature. After incubation, DAPI staining was performed to visualize nuclei.
All images were acquired at midline vermis (entire lobules) with confocal microscopy, LSM780 (Carl Zeiss) and analyzed with Image J (RSB).
Slice culture
Cerebellar slice culture was performed according to the method described previously (Hurtado de Mendoza et al., 2011) . In short, cerebella were prepared from P9 mouse and sliced into 250 μm sagittal sections with vibratome (Leica). Each slice was transferred onto a membrane insert (Merck Millipore) and cultured in DMEM/F12 containing 5% horse serum, 5% FBS, 1xN2, 1xB27, 10 nM EGF, 10 nM FGF and 100 U/mL Penicillin-Streptomycin. After incubation at 37°C 6 h in 5% CO 2 incubator, the cerebellar slice culture was treated with the SHH signal inhibitor (SANT-1, Sigma) and then further incubated an additional 6 h. After incubation, each slice was fixed overnight with 4% PFA in phosphate buffered saline (PBS). Then, the slices were transferred into blocking solutions (4%BSA, 0.4% Triton-X diluted with PBS) and incubated overnight at 4°C. 1st Antibodies were added the next day and samples were incubated overnight at 4°C. Slices were transferred into secondary fluorescent-conjugated antibody-containing solutions the next day and incubated overnight, followed by 3 washes with PBS.
Results
Categorization of cleavage plane angles of dividing GCPs
We performed immunostaining against phospho-histone H3 (PH3) to visualize chromosomes at the M-phase of GCPs in the EGL (Fig. 1A-F) . We measured the cleavage angles of dividing GCPs that comprised the cleavage plane and the vertical line to the pial surface (Fig. 1G-J) and divided them into 6 groups (0°-15°, 15°-30°, 30°-45°, 45°-60°, 60°-75°, 75°-90°) (Figs. 2 and 3 ). Then we categorized these 6 groups as horizontal division (0-30°, cleavage planes are parallel to the pial surface), oblique division (30-60°, oblique against the pial surface) and vertical division (60-90°, perpendicular to the pial surface) (Fig. 1G-J) .
Dynamic change in orientation of GCP division during development
In sagittal sections, we investigated the orientation of cleavage planes during cerebellar development ( Fig. 2A-N) . At E16.5, P0, P3, P6, P9, P12, and P15, we measured the cleavage angles of dividing GCPs ( Fig. 2A-G) and arranged the data in the π-chart at each developmental stage (Fig. 2H-N) . To better understand the changes in the cleavage orientation during development, the rates of horizontal, oblique and vertical divisions of GCPs were plotted on a graph (Fig. 2O) . At all developmental stages, the rates of obliquely dividing cells were significantly low (Fig. 2O ). This suggests that GCPs actively select either vertical or horizontal divisions rather than randomized cell division.
At E16.5, the rates of horizontal and vertical divisions are almost equivalent ( Fig. 2A,H,O) . However, at early postnatal stages (P0, P3, P6, P9), the rates of horizontal divisions were much higher than those of vertical divisions (Fig. 2B-E, I-L,O) . In contrast, at late cerebellar developmental stages (P12, P15), we observed vertical divisions more frequently than horizontal divisions (Fig. 2F,G, M-O) .
We also investigated the cleavage angles of GCPs in coronal sections. Coronal sections also revealed basically identical trends in the cleavage planes of GCPs during development (Fig. 3A-G) , confirming our observation. We generated a graph including all data for both coronal and sagittal sections (Fig. 5A ).
SHH signal regulates cleavage planes of GCPs in the EGL
In some tissues, SHH signals have been known to be involved with the dividing angles. Therefore, we investigated whether SHH signals are required for the regulation of dividing angles in GCPs. We prepared cerebellar slices from P9 mice that were cultured for 6 h and then treated with DMSO for 6 h. These slices were fixed and immunostained with PH3 ( Fig. 4A-K) . We observed that the proportions of vertically, obliquely, and horizontally dividing cells in our slices were basically identical to those in vivo (Fig. 2) , demonstrating that our slice culture conditions did not alter the orientations of GCP divisions (Fig. 4W) . We also confirmed that the cultured slices were healthy by immunostaining with several cerebellar markers (data not shown). Addition of a SHH inhibitor (SANT-1), in place of control DMSO, to the cultured slices, significantly affected the orientation of cell divisions (Fig. 4L-V , X). Horizontal divisions were decreased (52.7% ± 0.70 with DMSO, 36.7% with SANT-1), while vertical divisions were increased (28.8% with DMSO, 36.7% with SANT-1) (Fig. 4X) . Interestingly, oblique divisions also increased to 26.7%. These findings suggest that addition of the SHH inhibitor results in randomization of the angles of cleavage planes of dividing GCPs and suggests that SHH signaling regulates the orientation of GCP divisions.
Discussion
In this study, we investigated the orientation of cleavage planes of GCPs during cerebellar development. The orientation of GCP division was not random but tended to be vertical or horizontal. The rates of vertical and horizontal divisions varied according to the developmental stages. These findings suggest that the orientation of GCP division is precisely regulated at each developmental stage.
The distributions of cleavage planes in EGL were previously reported (Haldipur et al., 2015) . However, the data in the previous study contrasted with our data. The previous study showed that the rates of vertical division were larger than those of horizontal divisions at postnatal stages (P5-P14), while they did not investigate embryonic stages. In contrast, our study showed that horizontal division was dominant from P0 to P9, while vertical division was dominant at P12 and P15. We are unclear as to the basis of this discrepancy.
Considerable studies have suggested a relationship between the orientation of cleavage planes of dividing cells and the asymmetric/symmetric fate choices of daughter cells (Konno et al., 2008; Fish et al., 2006; Shitamukai and Matsuzaki, 2012) . In the cerebellum, it was observed, by using two types of transgenic mouse line, that GCPs underwent both symmetrical (GCPs/GCPs or GCs/GCs) and asymmetrical (GCPs/GCs) cell divisions (Yang et al., 2015) . However, dynamic changes of the tendencies of the cleavage planes during cerebellar development were not observed in that study. Moreover, it is still elusive whether the orientation of the cleavage plane has some relationship with the fates of daughter cells of GCPs.
In the developing cerebellum, GCPs and GCs are located in the outer and inner EGL, respectively. Although there has been no direct evidence, this laminar localization of GCPs and GCs may imply that the direction of GCP division may be related to the fate of daughter cells, as shown in Fig.  5A . Horizontal division of a GCP may be an asymmetric division producing one GCP and one GC (Type A in Fig. 5B ). We found that the horizontal division is more dominant at early postnatal stages (P0-P9 in Fig.  5A ). We believe that the type A division may contribute to continuous production of GCs while simultaneously maintaining GCPs.
In contrast to the horizontal division, we believe that the vertical division may be a symmetric division that produces either two GCPs (Type B in Fig. 5B ) or two GCs (Type C in Fig. 5B ). Type B symmetric division increases GCPs, while Type C decreases GCPs.
Because the thickness of the outer EGL increases until the first week after birth, the type B division may be more dominant than the type C at these stages, which contributes to increasing GCPs (Fig. 5C) (Leffler et al., 2016) . Especially in embryos, the vertical division is relatively more frequent than at other stages, probably contributing to expansion of GCPs. After P8 or P9, the outer EGL becomes thinner. This suggests that type C division may be more dominant than type B, resulting in a decrease of GCPs and producing postmitotic GCs, leading to eventual loss of GCPs in the cerebellar primordium.
In this study, we also showed that administration of a SHH inhibitor to cultured slices from P9 cerebella randomized the orientation of dividing GCPs. This suggests that the SHH signal plays an important role in regulating the orientation of GCP divisions. However, the underlying molecular machinery that regulates the cell division direction is unclear. In the cerebral cortex, forced expression of a constitutively active mutant of Smoothened (Smo), an activator of SHH signaling, affected the orientation of cleavage planes of progenitor cells in the ventricular zone (Wang et al., 2016) . We suspect that the machinery to regulate the cell division direction may be similar in GCPs in the cerebellum and in neural progenitors in the VZ.
Our results revealed that the orientations of cell divisions of cerebellar GCPs are precisely regulated at each developmental stage, and affected by environmental cues, such as SHH. In addition, it is known that one subtype of medulloblastoma is caused by the dysregulated activation of SHH signaling in GCPs (Goodrich et al., 1997) . As the SHH signaling regulates the orientation of GCP division, excessive SHH signaling may abnormally affect the division orientation of GCPs, which leads to abnormal increment of mitotic GCPs and eventually causes the development of medulloblastoma. Thus, we believe that our study may provide insight into the understanding of proliferation and differentiation of neural progenitors and neurons as well as oncogenesis.
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